We construct an effective Lagrangian describing the interaction of soft pions and kaons with mesons containing a heavy quark and light degrees of freedom in an orbital p wave.
Introduction
The interactions of the octet of pseudogoldstone bosons with hadrons containing a single heavy quark are constrained by two independent symmetries: spontaneously broken chiral SU (3) L × SU (3) R and heavy quark spin-flavour SU (2N h ) [1] . One may implement both of these symmetries by constructing a "heavy-light" chiral lagrangian, in which one performs a simultaneous expansion in the momenta of the pseudogoldstone bosons and the inverse masses of the heavy hadrons. Such a lagrangian has been described in refs. [2] - [5] for heavy hadrons with the light degrees of freedom in the ground state. We begin by briefly reviewing this construction.
The lagrangian is written in terms of the usual exponentiated matrix of pseudogoldstone bosons,
where
and f π ≈ 135 MeV. Under chiral SU (3) L × SU (3) R , the field ξ transforms as ξ → LξU † = U ξR † , where U is a matrix which depends on the fields M, while Σ transforms more simply as Σ → LΣR † . The ground state heavy mesons consist of a doublet under heavy quark spin symmetry, containing the pseudoscalar meson P and the vector meson P * ; these also transform under the unbroken flavour SU (3) as an antitriplet. (We take our heavy mesons always to contain a heavy quark rather than an antiquark.) We represent these fields in the usual way by a 4 × 4 Dirac matrix,
We have absorbed factors of √ 2M P and 2M * P into the definition of the heavy fields, so they have mass dimension 3/2 (our normalisation differs slightly from that of ref. [2] ; our fields are normalised to 1, not to 2). To recover the correct relativistic normalisation, we multiply amplitudes by √ 2M for each external heavy meson.
The pseudogoldstone bosons couple to the heavy fields through the covariant derivative
and the axial vector field
At leading order in the momentum expansion, the lagrangian is written in terms of these fields as
where the traces are over Dirac indices and we keep the SU (3) flavour indices a, b explicit.
The ellipses denote terms higher order in the derivative expansion, terms suppressed by powers of 1/M , and additional explicit SU (3) L × SU (3) R violating terms proportional to the quark mass matrix
Excited States and Reparameterisation Invariance
We would now like to consider the form of such a lagrangian for heavy mesons in an excited state. In the limit that the heavy quark mass M is taken to infinity the light degrees of freedom carry a well-defined angular momentum, flavour and spectrum of excitations.
In general, the light degrees of freedom in a heavy meson are in a state with half-integral angular momentum j and parity P , corresponding to two degenerate heavy mesons of spin j ± 1 2 and parity −P (since quarks and antiquarks have opposite parity). We may describe both states by a more complicated analogue of the H a matrix (1.3), the traceless, symmetric Lorentz tensor
satisfying the conditions
Under Lorentz transformations,
where D(Λ) is an element of the 4 × 4 matrix representation of the Lorentz group, while under spatial rotations Λ of the heavy quark,
The general form for H µ 1 ...µ k a has been derived in ref. [6] ; for light degrees of freedom with parity (−1) j−1/2 we have the doublet of states ⋆ Q * j+1/2 and Q j−1/2 ,
while for parity (−1) j+1/2 we have Q j+1/2 and
For simplicity, we will restrict ourselves in the rest of this paper to the lowest lying p-wave excitations; we have included the complete expressions (2.5) and (2.6) to make it clear that the extension of this formalism to arbitrary excited heavy mesons is cumbersome but straightforward. (Using the formalism of ref. [6] , one could include excited heavy baryons as well.) In the quark model, these p-wave states correspond to light degrees of freedom with orbital angular momentum ℓ = 1, and hence with total spin j = . For the D system, these are the (as-yet unobserved)
and the
⋆ We use here the particle data book convention of labeling states with a subscript for their spin, and adding a superscript " * " if the spin-parity is in the series J P = 0
(we add a prime to distinguish the two pseudovector states). We identify the neutral members of this multiplet as the D 1 (2420) 0 and the D * 2 (2460) 0 [7] . Including these states along with the ground state mesons, the kinetic piece of the chiral Lagrangian is given by
where the residual masses
− M D are defined in the heavy quark limit, where the doublets are degenerate [8] .
In general, one must include all terms in a chiral Lagrangian which are not forbidden by symmetries of the effective theory. Hence one might be tempted to write down a mixing term of the form
(recall that in the effective theory,
However, such a term is forbidden because it is not invariant under redefinitions of the velocity v µ [9] . Recall that the definition of the velocity v µ of a heavy field of mass M is somewhat arbitrary, in that we could equally well choose a slightly different velocity
to ensure v ′2 = 1, and shift the residual momentum by q µ :
For a heavy scalar φ or vector field A µ , this corresponds to the transformation
Under the shift (2.12), 13) so the term (2.10) is forbidden.
The single pion transitions between states in the same heavy spin doublet are given by terms in the effective lagrangian analogous to the g coupling in eq. (1.7): 14) while the single pion transitions between doublets, again to lowest order in the derivative expansion, are given by
These correspond to s-wave transitions; however the analogous s-wave transitions T µ → Hπ are forbidden by heavy quark spin symmetry [10] , and indeed the term Tr H a T µ b A µba γ 5 vanishes. These decays must then proceed through d-waves, which are suppressed by one derivative in the chiral lagrangian: In the nonrelativistic quark model, the S a and T 
where we take g A = 0.75 as suggested by the chiral quark model [12] (this reproduces the correct value of g A in the nucleon). Thus we obtain
In the chiral lagrangian, the f ′ coupling in (2.15) gives a contribution to the axial current of (j
In the limit of zero momentum transfer, this term dominates the matrix element (2.20)
and we find 
The phase of f ′ is not determined by this procedure; however this will not matter as only the modulus |f ′ | 2 will appear in the widths which we will compute. Similarly, we may obtain estimates of the transition rates within multiplets,
where the phases may in this case be fixed by the heavy quark symmetry relation
2 |D , and analogously for the excited doublets. However, the coupling constants g ′ and g ′′ are not particularly useful, as the corresponding single pion decays are most probably kinematically forbidden [13] .
Single Pion Decays
There are four possible single pion transitions between two heavy spin doublets; relations between the amplitudes follow from the heavy quark spin symmetry. These have already been worked out explicitly for D * 2 and D 1 decays [10] [14] , and those results follow immediately from our formalism. In addition, with the chiral lagrangian we may easily correct for one class of 1/M corrections in the widths by using the true particle masses in the phase space integrals. Since the rate for d-wave decays is proportional to the fifth power of the pion momentum, this is likely to be the leading 1/M correction. Explicitly, we find
where p π is the momentum of the pion emitted in the decay, and h ≡ |h 1 + h 2 |. The 
which compares very well with the experimental ratio 2.4 ± 0.7 [7] . We may use these results to gain some confidence in the validity of our derivative expansion. Assuming the total D * 2 width of 19 ± 7 MeV to be saturated by the one pion mode (as we will show in the next section, the two pion width is sufficiently small that this is a reasonable assumption), we find h
which is consistent with our naïve estimate. This also gives us a prediction for the D 0 1 single pion width,
which is significantly smaller than the measured total width of 20 
Since these states have not been observed, we must use quark model estimates for their
Again, the full one pion widths are 3/2 times these because of the π 0 channel. These widths are very sensitive to the value used for the mass of the states; for 
Two Pion Decays
Like the single pion T µ → Hπ decays, the contact terms mediating T µ → Hππ, such as Tr H a T µ b A µbc / A ca , are dimension five and are suppressed by one power of Λ χ in the derivative expansion. We therefore expect that these decays will be dominated by pole graphs in which there is an intermediate
0 which is close to its mass shell. This raises the interesting possibility that the two pion widths could be comparable to the single pion widths (as is observed, for example, in the decay K * 2 (1430) → K * (892)+pions). The two pion width is given by
where the amplitude A is a function of the energies E 1 and E 2 of the outgoing pions, and
are those respectively of the initial and final heavy mesons. Kinematics restricts E 2 to the region
Hence the amplitude can be expressed approximately as a function only of E 1 , propagators, their widths must be included in our expressions. The imaginary part of the propagator of this resonance is
where p is the residual momentum flowing through the line and
, this reduces to the usual Breit-Wigner formula. However, because these states are so broad we must include the full momentum dependence of the width in the denominator. It is convenient to extract from the |A(E 1 , E 2 )| 2 the function 6) where there are two terms because the pions may be emitted in either order (the cross terms in |A| 2 integrate to zero). Then the partial width is given by fig. 1 8) but because of the sensitive dependence of eq. (4.7) on the masses, this relation is badly violated. So although in this limit our approach simply reproduces the general results of ref. [10] , it has the advantage of being able to take into account the large but calculable 1/M symmetry breaking effects which arise purely from kinematics. Since the precise form of the 1/M effects depends on the fact that the decay is dominated by pole graphs, its exact form could not be guessed (unlike the | p π | 5 behaviour for the single pion decays).
One might also think to apply this analysis to the strong transitions of excited strange, charmed mesons. Indeed, at least one such state, the D s1 , as already been observed [7] .
However, such decays are severely constrained by the combination of phase space and the This formalism could also be applied to semileptonic decays from a B meson to an excited D plus soft pions, as has been done for decays to ground state D mesons [15] .
There may also be significant contributions to the decay B → Dπℓν, in which the B first decays semileptonically to an excited D, which then decays strongly to a D or D * and a pion. We are currently studying these processes.
Finally, we point out that the same heavy-light chiral lagrangian could be used as well to describe the strong transitions of excited bottom mesons. In fact, we would expect 1/M corrections to be considerably smaller than in the case of charm. However these states
have not yet been produced and studied, and their masses, to which the decay rates are so sensitive, are not known. 
